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ABSTRACT 
-4 2. L y.\\ \ 

Tungsten, rhenium, and niobium were i n v e s t i g a t e d  t o  de te rmine  

t h e i r  s u r f a c e  i o n i z a t i c a  e f f i c i e n c i e s  f o r  cesium, and t o  s tudy  t h e  

i n f l u e n c e  of adsorbed gases  on the  s u r f a c e  i o n i z a t i o n  of ces ium.  

Cesium i o n  c u r r e n t s  from w i r e  samples of t u n g s t e n ,  rhenium, and 

niobium were measured as func t ions  of w i r e  t empera tu res  and i n c i d e n t  

n e u t r a l  cesium f l u x  r a t e s .  

The experiments were performed w i t h  a cesium atomic beam appa- 

ra tus  des igned  by E lec t ro -Opt i ca l  Sys tems , I n c  . , under Con t rac t  

NAS8-2546. 
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SUMMRY 

An exper imenta l  r e s e a r c h  program i n  cesium s u r f a c e  i o n i z a t i o n  w a s  

conducted and t h e  r e s u l t s  a r e  descr ibed .  The program had two o b j e c t i v e s :  

(1) t o  de te rmine  t h e  s u r f a c e  i c n i z z t i o n  e f f i c i e n c i e s  of s e v e r a l  r e f r a c -  

t o r y  meta ls  f o r  cesium, and ( 2 )  t o  s tudy  t h e  i n f l u e n c e  of  adsorbed g a s e s  

on t h e  s u r f a c e  i o n i z a t i o n  of cesium. 

Three r e f r a c t o r y  metals were i n v e s t i g a t e d  i n  t h e  program: t u n g s t e n ,  

rhenium, and niobium. Cesium ion c u r r e n t s  from w i r e  s2mples of t h e s e  

m a t e r i a l s  were measured as func t ions  of wire tempera tures  and i n c i d e n t  

n e u t r a l  cesium f l u x  ra tes .  Observed e l e c t r o n  work f u n c t i o n s  and Richardson 

c o n s t a n t s  were determined f o r  t hese  t h r e e  materials.  

Cesium i o n i z a t i o n  e f f i c i e n c i e s  of  t ungs t en  and rhenium exceeded 99 

pe rcen t .  The i o n i z a t i o n  e f f i c i e n c y  of  cesium on niobium v a r i e d  between 

80 and 62 p e r c e n t  i n  t h e  temperature  range from 300°K t o  1,600°K. 

Nitrogen a d s o r p t i o n  r e s u l t s  w i th  t h e  tungs t en  sample i n d i c a t e  

t h a t  a coverage of  about  25 percent  of  s a t u r a t i o n  w i l l  be p r e s e n t  on a 

t ungs t en  i o n i z e r  a t  1,500 K when the  n i t r o g e n  p r e s s u r e  i s  1 * 10 t o r r .  

The rhenium d a t a  a l s o  ag ree  q u a l i t a t i v e l y  w i t h  o t h e r  o b s e r v a t i o n s  i n  

t h e  sense  t h a t  t h e  c r i t i c a l  temperatures  a r e  lower on rhenium than  on 

tungs t en .  However, t h e  r e s u l t s  imply a lower a d s o r p t i o n  energy f o r  c e s -  

ium on rhenium than  expected.  Sur face  i o n i z a t i o n  exper iments  on niobium 

show t h a t  niobium has  a r e l a t i v e l y  low s u r f a c e  i o n i z a t i o n  e f f i c i e n c y  and 

hence should  n o t  be considered a s  a p o t e n t i a l  i o n i z e r  material .  

0 -6 
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1. INTRODUCTION 

This  i s  a summary r e p o r t  of a n  expe r imen ta l  r e s e a r c h  program i n  

cesium s u r f a c e  i o n i z a t i o n  conducted by E l e c t r o - O p t i c a l  Systems, Inc .  

f o r  t h e  Na t iona l  Aeronaut ics  and Space Admin i s t r a t ion .  The work was 

performed under Cont rac t  NAS3-2592 dur ing  t h e  pe r iod  11 J u l y  1963 t o  

11 January  1964. 

The program had two o b j e c t i v e s :  (1) t o  de te rmine  t h e  s u r f a c e  

i o n i z a t i o n  e f f i c i e n c i e s  of s e v e r a l  r e f r a c t o r y  metals f o r  cesium, and 

(2 )  t o  s tudy  t h e  i n f l u e n c e  o f  adsorbed gases  on t h e  s u r f a c e  i o n i z a t i o n  

of cesium. Both o b j e c t i v e s  a re  r e l a t e d  t o  t h e  development of cesium 

i o n i z e r s  f o r  c o n t a c t  i o n  engines .  

The s i g n i f i c a n c e  of i o n i z a t i o n  e f f i c i e n c y  t o  i o n  eng ine  technology 

i s  i t s  r e l a t i o n  t o  engine  l i f e t i m e .  I f  a n  eng ine  i o n i z e r  has  an  e f f i -  

c i ency  less than  u n i t y  by only  a f r a c t i o n  of  a p e r c e n t ,  t h e  n e u t r a l  

cesium emi t t ed  by t h e  i o n i z e r  can cause  e x c e s s i v e  e l e c t r o d e  d r a i n  cu r -  

r e n t s  and s p u t t e r i n g ,  which, over a pe r iod  of t i m e ,  w i l l  s e v e r e l y  impair  

eng ine  o p e r a t i o n .  S ince  t h e  p ro jec t ed  u s e s  of i o n  eng ines  are mainly 

f o r  extended space  miss ions  during which t h e  eng ine  must o p e r a t e  f o r  

thousands  of hour s ,  i t  is  important t o  reduce  n e u t r a l  emiss ion  t o  a n  

a b s o l u t e  minimum. The primary purpose of t h e  i o n i z a t i o n  e f f i c i e n c y  

measurements of t h i s  program i s  t o  de te rmine  t h e  i o n i z a t i o n  p r o p e r t i e s  

of new m a t e r i a l s  which a r e  p o t e n t i a l l y  capab le  of low n e u t r a l  emiss ion  

a t  h igh  i o n  c u r r e n t  emiss ion .  

The s tudy  of  gas  adso rp t ion  on i o n i z e r  m a t e r i a l s  i s  d i r e c t e d  p r i -  

m a r i l y  t o  i o n i z e r  and i o n  engine t e s t i n g .  The vacuum environment i n  

which engine  t es t s  a r e  conducted i s  cons ide rab ly  d i f f e r e n t  i n  gas  com- 

p o s i t i o n  and p res su re  than  the environment of  space .  It i s  e s s e n t i a l  

t o  know how t h e  d i f f e r e n c e s  w i l l  a f f e c t  i o n i z e r  performance. The 
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requirements for reliable testing can be determined only when the re- 

sidual gases in test chambers are identified and their effects studied. 

Three refractory materials were investigated in the program: tung- 

sten, rhenium, and niobium. Cesium ion currents from wire samples of 

these materials were measured as functions of wire temperatures and 

incident neutral cesium flux rates. Tungsten was included as a refer- 

ence material since its ionization properties have been studied exten- 

sively. Because of the importance of the electron work function of 

ionizers in ionization efficiency calculations, the work functions of 

the samples were determined also. 

The experiments were performed with a cesium atomic beam apparatus 

designed by Electro-Optical Systems under Contract NAS8-2546. The 

apparatus was housed in a vacuum chamber operated at pressures in the 

to loe1' torr range. A mass spectrometer was used throughout the 

experiments to monitor the residual gases and to analyze the gases 

evolved from the metal samples. 

Although atomic beam methods have been used in several prior in- 

vestigations of ionization efficiencies, they have not been used for 

quantitative studies of cesium critical phenomena. Critical temperature 

determinations were attempted in this program and, where comparative 

data are available, the results agree very closely with measurements 

made by other methods. 
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2 .  GENERAL DESCRIPTION OF THE EXPERIMENTS 

2 . 1  Su r face  I o n i z a t i o n  Measurements 

Measurements of t h e  s u r f a c e  i o n i z a t i o n  e f f i c i e n c i e s  were made 

i n  a cesium a tomic  beam appara tus  s i m i l a r  i n  i t s  main f e a t u r e s  t o  t h e  

types  used i n  s e v e r a l  e a r l i e r  experiments (Ref s .  1, 2 ,  3 ,  and 4 ) .  

A cesium atomic beam i s  produced by a l l o w i n g  cesium vapor i n  

a s m a l l  oven t o  e f f u s e  through a s l i t  i n  t h e  oven w a l l  and p a s s  th rough 

s e v e r a l  cooled c o l l i m a t i n g  s l i t s  l o c a t e d  i n  l i n e - o f - s i g h t  p o s i t i o n s .  

The vapor pas s ing  through t h e  las t  cooled  s l i t  i s  a vapor s t r eam w i t h  

a c r o s s  s e c t i o n  similar t o  t h e  c r o s s  s e c t i o n  of t h e  s l i t s .  When t h e  

pa th  of t h e  vapor through t h e  s l i t s  i s  long r e l a t i v e  t o  t h e  s l i t  dimen- 

s i o n s ,  t h e  atoms i n  t h e  vapor s t ream have v e l o c i t i e s  which a r e  n e a r l y  

u n i d i r e c t i o n a l  and t h u s  form an atomic beam. 

The c o l l i m a t i n g  s l i t s  a r e  a r r anged  t o  d i r e c t  t h e  beam t o  a 

sample of t h e  m a t e r i a l  under s tudy.  I n  t h e  a p p a r a t u s  used i n  t h i s  

program, t h e  samples a r e  wi re s  mounted v e r t i c a l l y  w i t h  t h e i r  axes  p e r -  

pend icu la r  t o  t h e  beam a x i s .  The wires are sur rounded by t h r e e  c o l i n e a r  

c y l i n d e r s  of equa l  r a d i i ,  one which s e r v e s  as an e l e c t r o n  and i o n  c o l -  

l e c t o r  from t h e  c e n t r a l  segment of t h e  w i r e  where t h e  beam i s  d i r e c t e d ,  

and t h e  o t h e r s  s e r v e  a s  guard r i n g s  t o  m a i n t a i n  a uniform r a d i a l  e l e c t r i c  

f i e l d  a t  t h e  wi re  s u r f a c e .  The c e n t r a l  c o l l e c t o r  has  an e n t r a n c e  s l i t  

f o r  f i n a l  c o l l i m a t i o n  of t h e  beam and an e x i t  s l i t  d i a m e t r i c a l l y  opposed 

t o  allow t h e  p o r t i o n  of t h e  beam not  i n t e r c e p t e d  by t h e  Mire t o  pass  

through t h e  c o l l e c t o r .  

When t h e  cesium vapor flow through t h e  sou rce  oven s l i t  i s  

e f f u s i v e  flow ( t h a t  i s ,  t h e  cesium mean-f ree-pa th  i n  i t s  own vapor a t  

t h e  tempera ture  and p r e s s u r e  i n  t h e  oven i s  long r e l a t i v e  t o  t h e  oven 

s l i t  d imens ions) ,  t h e  beam i n t e n s i t y ,  q ,  i n  atoms cm s e c  a t  t h e  
- 2  -1 
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sample s u r f a c e  is  

q = 9.66 x 10 20 PSo/r 2 %  T 

where p i s  the  s a t u r a t e d  vapor p r e s s u r e  o f  cesium i n  t h e  s o u r c e  oven 

( i n  t o r r ) ,  S i s  t h e  sou rce  s l i t  area ( i n  c m  ) ,  r i s  s o u r c e  s l i t - t o -  

sample d i s t a n c e  ( i n  c m ) ,  and T i s  t h e  oven t empera tu re  ( i n  OK). 

ca l  v a l u e s  of r i n  conven t iona l  beam systems des igned  f o r  a d s o r p t i o n  

s t u d i e s  vary from 10 c m  t o  50 cm, t h e  minimum d i s t a n c e  be ing  d i c t a t e d  

by t h e  space r e q u i r e d  f o r  a good c o l l i m a t i n g  s l i t  system. I n  t h e  s y s -  

t e m  used i n  t h i s  program, r = 17.8 cm. 

(Ref .  5) , s o  t h a t  q = 1 . 3  x atoms c m  s e c  a t  r = 10 cm and q = 

5 . 2  x 10l1 atoms cm 

2 . 5  x cm . A t  h i g h e r  sou rce  oven p r e s s u r e s ,  t h e  i n t e n s i t y  w i l l  

be  somewhat h i g h e r .  However, a t  h i g h  s o u r c e  oven p r e s s u r e s ,  t h e  cesium 

f low through the source  s l i t  i s  no longe r  e f f u s i v e .  S e l f - s c a t t e r i n g  

o f  cesium i n  the source  s l i t  r e g i o n  d i f f u s e s  t h e  flow and t h e  i n t e n s i t y  

becomes smaller than  c a l c u l a t e d  w i t h  t h e  e q u a t i o n  above. 

2 
0 

Typi- 

- 3  A t  T = 380°K, p = 1 x 10 t o r r  
- 2  -1 

-2  -1 sec a t  r = 50 c m  f o r  a t y p i c a l  s l i t  area of 
2 

I o n i z a t i o n  e f f i c i e n c y  measurements are  made i n  an  atomic beam 

a p p a r a t u s  by comparing t h e  cesium i o n  c u r r e n t s  from t h e  wire samples t o  

t h e  t o t a l  i n c i d e n t  f l u x  of cesium t o  t h e  w i r e .  L e t  S b e  t h e  area of t h e  

beam i n t e r c e p t e d  by t h e  w i r e ,  and 0 ,  t h e  s t i c k i n g  c o e f f i c i e n t  of cesium 

on t h e  w i r e  s u r f a c e .  Then aqS i s  t h e  number of cesium atoms absorbed 

on  w i r e  su r f ace  per u n i t  t i m e .  I f  I i s  t h e  cesium i o n  c u r r e n t  t o  t h e  

c o l l e c t o r ,  I / e  i s  t h e  number of cesium i o n s  desorbed from t h e  w i r e  pe r  

u n i t  t i m e .  The i o n i z a t i o n  e f f i c i e n c y  of t h e  w i r e  sample i s  t h e n  

It i s  as sumed  t h a t  cy i s  u n i t y  f o r  cesium on t h e  materials s t u d i e d  i n  

t h i s  program. T h i s  h a s  been shown t o  be t r u e  f o r  t u n g s t e n  (Ref .  6 ) ,  
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but  t h e r e  i s  ve ry  l i t t l e  informat ion  f o r  o t h e r  materials (Ref .  2 ) .  The 

d e t e r m i n a t i o n  of B t h u s  involves  t h r e e  primary measurements: I ,  S ,  and 

q .  The measurement of t h e  c o l l e c t o r  c u r r e n t  I i s  s t r a i g h t f o r w a r d  and S 

i s  c a l c u l a t e d  from t h e  c o l l e c t o r  s l i t  h e i g h t  and wire  d i a m e t e r .  For 

t h e  i n t e n s i t i e s  c a l c u l a t e d  i n  the  preceding  paragraph,  t h e  c u r r e n t  den- 

s i t i e s ,  I/S, are 2 .2  x 10 and 8.3 x amperes cm , when (y and @ 

m e  u n i t y .  The cor responding  c u r r e n t s  f o r  a 0.005-inch-diameter  wi re  

and a s l i t  h e i g h t  of 1 c m  a r e  2 . 8  - 10 and 1.1 - amperes.  

-6  - 2  

-8  

The de te rmina t ion  of q i s  more d i f f i c u l t  and i s ,  i n  e s sence ,  

a n  a b s o l u t e  beam i n t e n s i t y  measurement. I n  s e v e r a l  s u r f a c e  i o n i z a t i o n  

exper iments  w i t h  atomic beams (Refs .  1 and 2) i t  has  been common prac-  

t i c e  t o  r e l y  on t h e  h igh  i o n i z a t i o n  e f f i c i e n c i e s  of  s u r f a c e s  w i t h  ad- 

sorbed  oxygen t o  de te rmine  q .  A t  some s t a g e  i n  t h e  expe r imen t s ,  oxygen 

i s  in t roduced  i n t o  t h e  beam appara tus  and pe rmi t t ed  t o  adso rb  on t h e  

sample s u r f a c e .  The i o n i z a t i o n  exper iments  are  t h e n  performed w i t h  t h e  

oxygenated s u r f a c e s  and i t  i s  presumed t h a t ,  f o r  t h e s e  s u r f a c e s ,  f3 = 1. 

Under t h e s e  c o n d i t i o n s ,  t h e  ion e v a p o r a t i o n  r a t e  i s  e q u a l  t o  q and co r -  

r e l a t i o n s  of q w i t h  ano the r  exper imenta l  parameter ,  such a s  sou rce  oven 

t empera tu re ,  i s  made f o r  f u t u r e  o r  p r i o r  i o n  c u r r e n t  measurements.  

Th i s  procedure is o f t e n  d i f f i c u l t  t o  reproduce  and i s  unde- 

s i r a b l e  when oxygen i s  a s p e c i f i c  s u r f a c e  contaminant  t o  avo id .  More- 

o v e r ,  t h e r e  i s  no a s su rance  t h a t  a n  oxygenated s u r f a c e  w i l l  p rovide  an 

i o n i z a t i o n  e f f i c i e n c y  of u n i t y .  It was f o r  t h e s e  r e a s o n s  t h a t  t h e  

a p p a r a t u s  used i n  t h i s  program was des igned  t o  produce t h r e e  s imul t a -  

neous atomic beams. Two of  the beams a r e  d i r e c t e d  t o  t h e  wires of 

rhenium and niobium; t h e  t h i r d  beam i s  d i r e c t e d  t o  a wel l -aged  t u n g s t e n  

w i r e  which s e r v e s  a s  a s tandard  r e f e r e n c e  s u r f a c e  f o r  comparisons of 

i o n  c u r r e n t s  . 
T h i s  technique  h a s  merit f o r  s e v e r a l  r easons .  Not on ly  does 

i t  e l i m i n a t e  t h e  need f o r  i n t roduc ing  oxygen i n t o  t h e  system, b u t ,  

because  i o n  c u r r e n t s  can be measured s imul t aneous ly ,  d i f f e r e n t i a l  meas- 

urements are  p o s s i b l e .  For  low i o n i z a t i o n  e f f i c i e n c y  mater ia ls ,  d i f f e r e n t i a l  

5 



methods a r e  n o t  r e q u i r e d .  However, when t h e  i o n i z a t i o n  e f f i c i e n c y  of 

a material approaches u n i t y ,  i t  i s  s imple r  and more a c c u r a t e  t o  meter 

t h e  d i f f e r e n c e  between t h e  specimen and s t a n d a r d  i o n  c u r r e n t s  t h a n  t o  

meter each one s e p a r a t e l y .  Th i s  procedure i s  p o s s i b l e ,  of cour se ,  on ly  

when t h e  atomic beam geometr ies  are e q u i v a l e n t  and a l s o  when a common 

source  oven i s  used f o r  a l l  beams; f o r  i t  i s  obv ious ly  impor tan t  t h a t  

t h e  beam i n t e n s i t i e s  are i d e n t i c a l  and the rma l ly  cohe ren t .  Consider-  

a b l e  care i s  necessa ry ,  t h e r e f o r e ,  i n  t h e  d e s i g n  and assembly of t h e  

appa ra tus  t o  provide  equa l  a tomic  f l u x e s  and equa l  beam i n t e r c e p t i o n  

areas f o r  both w i r e  samples and t h e  t u n g s t e n  s t a n d a r d .  

2 .2  Gas Adsor p t  i o n  Experiments 

To de te rmine  t h e  e x t e n t  of contaminat ion  of t h e  sample s u r -  

f a c e s  by t h e  a d s o r p t i o n  of r e s i d u a l  gases  from t h e  vacuum system, sev- 

e ra l  f l a s h - f i l a m e n t  experiments  were performed w i t h  a l l  samples .  

The primary measurement of a f l a sh - f  i l ament  experiment  i s  

t h e  p r e s s u r e  i n c r e a s e  i n  t h e  vacuum system when a sample s u r f a c e  i s  

ra . ised t o  a high tempera ture  and t h e  gases  evolved from t h e  s u r f a c e  

c o n t r i b u t e  t o  t h e  r e s i d u a l  p r e s s u r e  of t h e  system. A t  t h e  beginning  

of run ,  a sample  wire  i s  hea ted  t o  h igh  t empera tu re  t o  c l e a n  t h e  s u r -  

f a c e .  A f t e r  t h e  i n i t i a l  c l ean ing ,  t h e  wire  i s  al lowed t o  coo l  t o  some 

predetermined lower tempera ture  where i t  i s  h e l d  f o r  a t i m e  i n t e r v a l  

c a l l e d  t h e  cold t i m e .  During t h e  c o l d  t i m e ,  ga ses  from t h e  ambient 

are adsorbed .  A t  t h e  end of t h e  c o l d  t i m e ,  t h e  w i r e  i s  f l a s h e d  a g a i n  

t o  h igh  tempera ture  and t h e  t r a n s i e n t  p r e s s u r e  i n c r e a s e  i n  t h e  systems 

noted .  T h i s  procedure i s  r e p e a t e d  f o r  s e v e r a l  c o l d  t i m e s  ( a t  t h e  same 

lower tempera ture)  which may va ry  from seconds t o  hours  depending upon 

t h e  t y p e s  of  gases be ing  adsorbed and t h e i r  p a r t i a l  p r e s s u r e s .  

It is assumed t h a t  t h e  maximum i n  t h e  t r a n s i e n t  p r e s s u r e  

i n c r e a s e  observed du r ing  f l a s h i n g  i s  p r o p o r t i o n a l  t o  t h e  amount of gas  

evolved from the  sample s u r f a c e  and t h a t  t h e  gas  had accumulated on 

t h e  s u r f a c e  dur ing  t h e  preceding co ld  t i m e .  A p l o t  of t h e  maximum of 
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t h e  p re s su re  i n c r e a s e  ve r sus  cold t i m e  f o r  a series of  f l a s h e s  t h u s  

d i s p l a y s  t h e  r a t e  a t  which t h e  sample s u r f a c e  i s  becoming contaminated .  

Gene ra l ly ,  d u r i n g  t h e  e a r l y  s t ages  of a d s o r p t i o n  on a c l e a n  s u r f a c e ,  

t h e  amount of gas  adsorbed inc reases  l i n e a r l y  w i t h  t i m e  and consequent ly  

t h e  p r e s s u r e  i n c r e a s e s  are l i n e a r  w i t h  c o l d  t i m e .  When t h e  accumula t ion  

of  t h e  gas on t h e  s u r f a c e  approaches an  a p p r e c i a b l e  f r a c t i o n  of a mono- 

l a y e r ,  however, less gas  i s  adsorbed per  u n i t  c o l d  t i m e .  Subsequent 

a d s o r p t i o n  t h e n  proceeds a t  a diminished r a t e  and,  f i n a l l y ,  t h e  p r e s s u r e  

i n c r e a s e s  du r ing  f l a s h i n g  become cons tan t  and independent  of  c o l d  t i m e .  

When t h i s  i s  observed,  t h e  s u r f a c e  i s  s a i d  t o  be s a t u r a t e d .  

Assuming t h e  p r o p o r t i o n a l i t y  between t h e  maximum of t h e  p re s -  

s u r e  i n c r e a s e  du r ing  f l a s h i n g  and t h e  gas  evolved remains c o n s t a n t ,  t h e  

r a t i o  of t h e  maximum, A p ( t ) ,  t o  t h e  f i n a l  c o n s t a n t  p r e s s u r e  i n c r e a s e ,  

Ap(a) ,  i s  t h e  f r a c t i o n a l  coverage of t h e  s u r f a c e ,  8 ;  t h a t  i s ,  

The f u n c t i o n  e ( t )  i s ,  of course,  a f u n c t i o n  of t h e  p a r t i a l  p r e s s u r e s  of 

the contaminat ing  gases  and the tempera ture  of t h e  w i r e  d u r i n g  t h e  c o l d  

t i m e .  The p a r t i a l  p r e s s u r e s  of t h e  con tamina t ing  gases  must be c o n s t a n t  

d u r i n g  t h e  series of f l a s h e s  and co ld  t i m e s  r e q u i r e d  f o r  a complete  Ap 

v e r s u s  t p l o t .  It i s  p o s s i b l e  i n  some i n s t a n c e s  t o  normal ize  r e a d i n g s  

t aken  a t  v a r i o u s  p r e s s u r e s  t o  a cons t an t  p r e s s u r e ,  bu t  t h i s  can be done 

on ly  i f  t h e  proper  p r e s s u r e  dependence f o r  t h e  a d s o r p t i o n  is  known. 

For t hose  d i a tomic  gases  which d i s s o c i a t e  on t h e  s u r f a c e  but  deso rb  

on ly  i n  molecular  form, t h e  number adsorbed v a r i e s  as p2 ;  f o r  molecular  

o r  a tomic a d s o r p t i o n  w i t h  no d i s s o c i a t i o n ,  t h e  number adsorbed v a r i e s  

l i n e a r l y  w i t h  p. 

i- 

To u s e  t h e  preceding r e l a t i o n  t o  de te rmine  e ( t ) ,  i t  i s  e s sen -  

t i a l  t h a t  t h e  w i r e  temperature  du r ing  t h e  c o l d  t i m e  i s  s u f f i c i e n t l y  l o w  

f o r  t r u e  s a t u r a t i o n  t o  occur .  I f  t h e  wire tempera ture  i s  h igh ,  a 
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saturated layer of gas will not develop because desorption of the gas 

is occurring simultaneously with adsorption. Under these circumstances, 

when A p  becomes independent of cold time, it is an indication that a 

steady state coverage - a dynamic balance between adsorption and desorp- 
tion - has been reached. This coverage is less than the saturated 

coverage. 

The primary pressure indicator used in most flash-filament 

experiments is an ionization gage, suitably calibrated for the specific 

gas of interest. This is acceptable when the gas adsorbing is known and 

when contributions from other gases in the system are negligible. In 

this program, a mass spectrometer, capable of measuring partial pres- 

sures of 10 torr, was used during the flash-filament experiments to 

determine the specific gases adsorbed by the sample wires. The identity 

of the gases and their adsorption characteristics are discussed in the 

following subsections. 

-11 

2 . 3  Electron Work Function 

The electron work function of a material is an important 
parameter in surface ionization since it is the only surface parameter 

that appears in the Saha-Langmuir equation for ionization efficiency. 

It was measured for all three samples by the conventional method of 
determining the slope of the lines of log J/T2 versus 1/T plots (Rich- 

ardson plots), where J is the observed electron current density emitted 

at the temperature T. The work function obtained in this way is the 

observed work function, T**; the intercept of the Richardson line at 

1/T = 0 is the observed Richardson constant, A**. 

It is well known that calculations of ionization efficiencies 

with the Saha-Langmuir equation using p** will not predict results ac- 

curately for polycrystalline samples of materials (Ref. 7). Because 

of the variation in work function with crystal plane, a surface of a 

polycrystalline sample is composed of regions with different work 

functions. Observed ionization efficiencies are thus averages which 
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may d i f f e r  from sample t o  sample of t h e  same material depending upon 

t h e  s p e c i f i c  s u r f a c e  c r y s t a l  o r i e n t a t i o n s .  The observed work f u n c t i o n  

q** i s  i t s e l f  an a v e r a g e ,  bu t  i t  i s  weighted i n  f avor  of low work 

f u n c t i o n  p l a n e s  whereas ,  f o r  cesium i o n  emiss ion ,  t h e  h i g h  work func-  

t i o n  p l a n e s  are e q u a l l y  important .  

It has  been shown (Ref. 8) t h a t  the  e f f e c t i v e  work f u n c t i o n  

of a s u r f a c e ,  determined by e l e c t r o n  emiss ion  measurements, i s  a n  

a p p r o p r i a t e l y  weighted work func t ion  t o  u s e  f o r  i o n i z a t i o n  e f f i c i e n c y  

c a l c u l a t i o n s  f o r  materials wi th  h igh  work f u n c t i o n s  on a l l  p l a n e s .  

The e f f e c t i v e  work f u n c t i o n ,  y e ,  i s  d e f i n e d  by 

2 I 120 SAT exp (-cpe/rT) 

where I i s  t h e  e l e c t r o n  c u r r e n t  ( i n  amperes) emi t t ed  by t h e  a p p a r e n t  

s u r f a c e  area,  S ( i n .  cm ) .  The e f f e c t i v e  work f u n c t i o n  i s  r e l a t e d  

t o  t h e  observed work f u n c t i o n  and Richardson c o n s t a n t  by 

2 
A 

cpe = cp* - 1.985 lov4  T log  (A**/120) 

I n  S e c t i o n  4 ,  bo th  qe and rp** f o r  t h e  t h r e e  materials are t a b u l a t e d .  
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3 .  EXPERIMENTAL APPARATUS 

A p l a n  view of t h e  beam a p p a r a t u s  i s  shown i n  F i g .  1. The cesium 

source  oven, shown a t  the  r i g h t  i n  t h e  drawing, i s  a t u b u l a r  s t a i n l e s s  

s t e e l  enc losu re  wi th  i t s  a x i s  a long  t h e  beam a x i s .  It i s  j o i n e d  a t  a 

r i g h t  a n g l e  t o  a similar tube t o  which t h e  pr imary  cesium supp ly  l i n e  

i s  coupled.  Both tubes  are h e a t e d  by a tan ta lum s h e a t h  h e a t e r  brazed  

t o  t h e  tube wal l s .  Cesium i s  in t roduced  i n t o  t h e  oven by c rush ing  a 

g l a s s  ampule c o n t a i n i n g  cesium and l o c a t e d  i n  a n  oxygen-f ree ,  h igh -  

c o n d u c t i v i t y  copper supply  l i n e .  

l i n e  prevents  g l a s s  from reach ing  t h e  oven. 

n o t  been necessa ry ,  t h e  copper l i n e  can  be s e p a r a t e d  from t h e  oven w i t h  

a p inch-o f f  t o o l  which p rov ides  a cold-weld vacuum t i g h t  seal .  

A f i n e  s t a i n l e s s  s teel  mesh i n  t h e  

Although s e p a r a t i o n  has  

When the oven i s  h e a t e d ,  cesium e f f u s e s  through t h e  sou rce  s l i t  

l o c a t e d  i n  a t h i n  s e c t i o n  of t h e  oven w a l l  f a c i n g  t h e  c o l l i m a t i n g  s l i t s .  

Three systems of c o l l i m a t i n g  s l i t s ,  a c c u r a t e l y  machined i n  copper 

plates  and a l igned  w i t h  the  sou rce  s l i t ,  c o l l i m a t e  t h e  vapor t o  form 

t h r e e  cesium atomic beams w i t h  t h e i r  axes  s e p a r a t e d  by about  9 d e g r e e s .  

The copper p l a t e s  a re  cooled  by conduct ion  through heavy copper mount- 

i ng  rods  which a r e  brazed t o  a l i q u i d  n i t r o g e n  cooled  b lock .  A s h u t t e r ,  

a c t u a t e d  e x t e r n a l l y  by a magnet, i s  l o c a t e d  between t h e  sou rce  s l i t  

and c o l l i m a t i n g  s l i t s  t o  i n t e r c e p t  the  beam i f  d e s i r e d .  A vacuum l i n e  

(no t  shown i n  t h e  drawing) ,  l o c a t e d  d i r e c t l y  below t h e  s h u t t e r  , i s  

connected t o  t h e  main vacuum manifold through a small r e e n t r a n t  l i q u i d  

n i t r o g e n  t r a p .  

The r e f r a c t o r y  m a t e r i a l s  under s t u d y  are  0 .005- inch-d iameter  w i r e s  

mounted v e r t i c a l l y  ( p e r p e n d i c u l a r  t o  t h e  p l a n e  of t h e  drawing) i n  

c y l i n d r i c a l  diodes w i t h  t h e i r  axes  l o c a t e d  on a 7 - inch  r a d i u s  a r c  

c e n t e r e d  on the sou rce  s l i t .  The w i r e s  a r e  h e l d  i n  t e n s i o n  by l e a f  

s p r i n g s  a t  t h e i r  upper t e r m i n a l s  ( s e e  e l e v a t i o n  drawing of d i o d e  a t  

4070-Final 10 



I 

I 

1 

b 

4070-Final 11 



lower l e f t  of drawing) .  Tension i s  a d j u s t e d  du r ing  p r e l i m i n a r y  e x p e r i -  

ments. 

keep t h e  wires a l i g n e d  p r o p e r l y  w i t h  t h e  s l i t  system when they are 

h e l d  a t  high t empera tu res .  A f t e r  a g i n g ,  however, t h i s  t e n s i o n  i s  

dec reased  somewhat. 

Typ ica l ly ,  about  45 grams of t e n s i o n  are r e q u i r e d  i n i t i a l l y  t o  

The e l e v a t i o n  drawing of t h e  d iode  shows t h e  l o c a t i o n  of t h e  two 

guard c y l i n d e r s  and t h e  c o l l e c t o r  c y l i n d e r  sur rounding  a sample w i r e .  

The guard c y l i n d e r s  are p e r f o r a t e d  t o  a l low ex t r aneous  cesium vapor t o  

escape  from t h e  i n t e r i o r  of t h e  d iode  and reduce  background i o n  c u r -  

r e n t s .  

The a tomic  beam e n t e r s  t h e  d iode  through a n  e n t r a n c e  s l i t  i n  t h e  

c o l l e c t o r  c y l i n d e r .  To p reven t  i ons  formed by t h e  sample from l eav ing  

t h e  c o l l e c t o r  through t h e  e n t r a n c e  s l i t ,  a s m a l l  p l a t e  ( l o c a t e d  t o  one 

s i d e  of t h e  s l i t )  i s  main ta ined  a t  a p o s i t i v e  p o t e n t i a l  w i t h  r e s p e c t  

t o  t h e  c o l l e c t o r .  The e l e c t r i c  f i e l d  d e f l e c t s  t h e  i o n s  t o  a p r o j e c t -  

i n g  segment of t h e  c o l l e c t o r .  

The th ree  d iodes  a r e  made as separate u n i t s  and they  can  be 

removed from the  chamber i n d i v i d u a l l y  f o r  reworking o r  examinat ion .  

Each d iode  i s  l o c a t e d  by l o c a t i n g  p i n s  which are r i g i d l y  f i x e d  t o  t h e  

base  of t h e  chamber. 
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4.  EXPERIMENTAL RESULTS 

4 . 1  Work Funct ion  Measurements 

Thermionic e l e c t r o n  emission from t h e  t h r e e  w i r e  samples t o  

t h e  c e n t r a l  c o l l e c t o r s  zf t h e  diodes w a s  measured as a f u n c t i o n  of 

w i r e  t empera tures  f o r  temperatures between 1 ,100  K and 2,500 K. The 

e l e c t r o n  c u r r e n t s  i n  t h i s  temperature range  extended over n i n e  decades .  

0 0 

The d a t a  a re  p l o t t e d  i n  the Richardson p l o t s  shown i n  F i g s .  

2 ,  3 ,  and 4 .  D i f f e r e n t  symbols f o r  t h e  d a t a  p o i n t s  i n d i c a t e  s e p a r a t e  

se t s  of measurements taken  a t  va r ious  s t a g e s  of t h e  exper iment .  Cur-  

r e n t  d e n s i t i e s  were computed from the  measured c u r r e n t s  and t h e  appar -  

e n t  e m i t t i n g  area of t h e  samples (product  of w i r e  c i rcumference  and 

l e n g t h  of c e n t r a l  c o l l e c t o r  = 2.43 

were determined b a s i c a l l y  by o p t i c a l  pyrometry u s i n g  e m i s s i v i t y  and 

window a b s o r p t i o n  c o r r e c t i o n s .  During t h e  expe r imen t s ,  h e a t i n g  c u r r e n t s  

and v o l t a g e s  were metered. These d a t a  were conve r t ed  t o  t empera tu res  

w i t h  t e m p e r a t u r e - r e s i s t a n c e  curves ob ta ined  i n  s e v e r a l  p r e l i m i n a r y  

pyrometr ic  tempera ture  de t e rmina t ions .  

2 l o q 2  cm ) .  The w i r e  t empera tu res  

The observed work f u n c t i o n s ,  cp**, and Richardson  c o n s t a n t s ,  

A**, ob ta ined  from t h e  s t r a i g h t  l i n e s  through t h e  d a t a  p o i n t s  are g i v e n  

i n  the  f i g u r e s  and i n  Table 1. The e f f e c t i v e  work f u n c t i o n s  f o r  

l , O O O ° K  and 1,500°K, are  shown a l s o  i n  t h e  t a b l e .  

TABLE 1 

WORK FUNCTIONS AND RICHARDSON CONSTANTS FOR W ,  R e ,  AND Nb 

T** A** '9, (1 , OOO°K) 'pe (1 , 50o0K) 
2 2  

Tungs t e n  4.72 66 4.77 4.80 

Rhenium 5.15 7 60 4.99 4.91 

Niobium 4.12 194 4.09 4.07 

(ev) (amps/cm deg ) (ev)  (ev)  
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Our observed work func t ions  f o r  a l l  t h r e e  materials a g r e e  

w i t h  v a l u e s  g i v e n  by o t h e r  authors  f o r  w i r e  samples.  Taylor  and 

Langmuir (Ref. 6)* quote  4.62 e l e c t r o n  v o l t s  f o r  t u n g s t e n  compared 

t o  our 4 .72  e l e c t r o n  v o l t s .  O t h e r  pub l i shed  v a l u e s  f o r  t u n g s t e n  v a r y  

from 4 .52  ( R e f .  9) t o  5.25 (Ref. 1 0 ) .  Rhenium i s  observed g e n e r a l l y  

t o  have a h i g h e r  work f u n c t i o n  than tungs t en .  Our v a l u e  of 5 .15  e l e c -  

trorr v o l t s  i s  in agreement w i t h  t h e  5.09 e l e c t r o n  v o l t s  of Agte and 

h i s  coworkers (Ref .  11) a l though our Richardson  c o n s t a n t  of 760 

amps/cm deg i s  g r e a t e r  t han  t h e i r s  by a f a c t o r  of f i v e .  Levi and 

Espersen  (Ref.  12) r e p o r t  an observed work f u n c t i o n  of 4 .74  e l e c t r o n  

v o l t s  w i t h  a Richardson cons t an t  of 720 amp/cm deg . 

2 2  

2 2  

Observed work func t ions  f o r  niobium are c o n s i s t e n t l y  between 

abou t  3 .9  t o  4 .2  e l e c t r o n  v o l t s .  Our observed work f u n c t i o n  i s  4 .12  

e l e c t r o n  v o l t s  w i t h  a Richardson c o n s t a n t  of 194 amps/cm deg . Wahlin 2 2  

and Sordahl  (Ref. 13) r e p o r t  3.96 e l e c t r o n  v o l t s  and 57 amps/cm 2 deg 2 .  , 
Riemann and Kerr-Grant (Ref. 14) quo te  4 .01  e l e c t r o n  v o l t s  and 37 amps/ 

cm deg . Because of t h e s e  r e l a t i v e l y  low v a l u e s ,  t h e  i o n i z a t i o n  e f f i -  

c i e n c y  of cesium on niobium w i l l  be t o o  l o w  t o  be of i n t e r e s t  f o r  i on  

eng ines .  

2 2  

The e l e c t r o n  emission from niobium a t  low t empera tu res  w a s  

g r e a t e r  t h a n  t h e  Richardson l i n e  drawn through t h e  d a t a  p o i n t s  taken  

a t  h i g h e r  temperatures .  The reason f o r  t h i s  d i f f e r e n c e  i s  un reso lved .  

4 . 2  G a s  Adsorp t ion  Experiments 

The a d s o r p t i o n  s t u d i e s  were conducted i n  two s t e p s :  (1) a 

mass a n a l y s i s  of t h e  r e s i d u a l  gases  i n  t h e  vacuum chamber, and (2) f l a s h -  

f i l a m e n t  exper iments .  

*Although n o t  e x p l i c i t l y  s t a t e d  i n  t h i s  r e f e r e n c e ,  t h e  v a l u e  quoted i s  
a n  e f f e c t i v e  work f u n c t i o n  s ince  t h e  a u t h o r s  assume t h e  Richardson con- 
s t a n t  of 120 amps/cm2OK2. 
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4 . 2 . 1  Mass Ana lys i s  of Res idua l  Gases 

E a r l y  i n  t h e  experiment ,  t h e  t o t a l  p r e s s u r e  i n  t h e  
-9  vacuum chamber s t a b i l i z e d  a t  5 10 t o r r  w i t h  t h e  a p p a r a t u s  runn ing  

and the mass spectrum became n e a r l y  c o n s t a n t .  T h e r e a f t e r ,  only minor 

changes i n  the mass peaks were obse rved .  A t y p i c a l  mass spectrum, 

t a k e n  a t  5 - 10 t o r r ,  i s  shown i n  Table  2 .  The major mass peaks 

were 14 ,  19,  28, and 40 amu; t h e  minor peaks were smaller t h a n  t h e  28- 

peak by a f a c t o r  of n e a r l y  100 and t h e r e f o r e  r e p r e s e n t  r e s i d u a l  gas  

p r e s s u r e s  i n  the 10 t o r r  r ange .  S ince  the spec t romete r  w a s  u n c a l i -  

b r a t e d ,  the p a r t i a l  p r e s s u r e  assignments  shown i n  t h e  t h i r d  column of 

t h e  t a b l e  a r e  approximate.  

-9  

-11 

The 28 amu peak can be a t t r i b u t e d  t o  carbon monoxide 

(CO) ,  molecular n i t r o g e n  ( N  ),  o r  e t h e n e  (C  H ) .  S i n c e  a t y p i c a l  

hydrocarbon mass spectrum was a b s e n t ,  it i s  assumed t h a t  t h e  e t h e n e  

c o n t r i b u t i o n  t o  t h e  28 amu peak was n e g l i g i b l y  small .  The p a r t i a l  

p r e s s u r e s  of carbon monoxide and n i t r o g e n  are  based on t h e  h e i g h t  of 

t h e  12 amu (carbon) peak. It was assumed t h a t  t h e  1 2  amu peak o r i g i -  

na t ed  e n t i r e l y  from an 8.5 pe rcen t  d i s s o c i a t i o n  of  carbon monoxide by 

e l e c t r o n  bombardment i n  t h e  spec t romete r  i o n  s o u r c e  (Ref.  15). Thus, 

Pco = 35 10 t o r r ,  and 

2 2 4  

-11 

= 385 t o r r  

I f  t h e  1 4  amu peak was due t o  a s imi l a r  d i s s o c i a t i o n  

of molecular  n i t r o g e n ,  t h e  d i s s o c i a t i o n  f r a c t i o n  i s  17/385 o r  4.4 pe r -  

c e n t .  T h i s  value i s  smaller t h a n  t h e  expected f r a c t i o n  (Ref.  15) by a 

f a c t o r  of t h r e e .  N e v e r t h e l e s s ,  i t  i s  b e l i e v e d  t h a t  t h e  carbon monoxide 

and n i t r o g e n  p a r t i a l  p r e s s u r e  assignments  are  r e a s o n a b l e .  F u r t h e r  

evidence is  presented i n  t h e  d i s c u s s i o n  of t h e  f l a s h - f i l a m e n t  e x p e r i -  

ment s . 
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12 

14 

15 

16 

17 

18 

19 

20 

28  

29 

40 

44 

TABLE 2 

MASS ANALYSIS OF RESIDUAL GASES 

(Total pressure = 5 10 torr) -9 

Ion 

Approximate 
Partial Pressure 

(torr x 1011) 

C 

N 

CH3 
0 

OH 

H2° 
F 

HF 

N2 
co 

14 15 13 N N , C  0 

Ar 

c02 

17 

3 

17 

3 

9 

2 

5 

2 4  

2 

385 

35 

3 
11 

5 



The 40 amu peak can be a t t r i b u t e d  unambiguously t o  

a rgon  which i s  n o t  t r apped  e f f e c t i v e l y  by l i q u i d  n i t r o g e n .  The 19 amu 

peak was found t o  be s e n s i t i v e  t o  t h e  spec t romete r  o p e r a t i o n  and was 

due probably t o  r e s i d u a l  contaminat ion of spec t romete r  components by 

c l e a n i n g  agents  c o n t a i n i n g  f l u o r i n e .  The 19 amu peak h e i g h t  could be 

i n c r e a s e d  by a f a c t o r  of 10 by o p e r a t i n g  a t h o r i a - c o a t e d  i r i d i u m  f i l a -  

ment i n  t h e  spec t romete r  i o n  s o u r c e .  During normal spec t romete r  ope r -  

a t i o n ,  a tungsten f i l a m e n t  was used and the t h o r i a - c o a t e d  f i l a m e n t  

r e t a i n e d  as an a l t e r n a t e .  

4 .2 .2  Flash-Filament Experiments 

The c o l d  t empera tu res  and f l a s h i n g  t empera tu res  used 

i n  the f l a s h - f i l a m e n t  experiments  are t a b u l a t e d  i n  Table  3 .  Other  

f l a s h - f i l a m e n t  experiments  (no t  t a b u l a t e d )  w i t h  t h e  t u n g s t e n  s a m p l e  

were car r ied  o u t  a t  v a r i o u s  s t a g e s  of t h e  experiment:  t h e  c o l d  and 

f l a s h i n g  temperatures  were u s u a l l y  300 K and 2,000 K,  r e s p e c t i v e l y .  

S i n c e  t h e  niobium wire was observed t o  bow s e v e r e l y  a t  t empera tu res  

exceeding 1,660 K, t h e  f l a s h i n g  t empera tu re  was kep t  below t h i s  v a l u e  

t o  avo id  misalignment of t h e  w i r e  w i t h  t h e  atomic beam s l i t  system. 

0 0 

0 

In a l l  t h e  t u n g s t e n  and rhenium f l a s h  f i l a m e n t  work, 

t h e  on ly  mass peaks observed t o  change d u r i n g  f l a s h i n g  were t h e  14 amu 

and 28 amu peaks which s t r o n g l y  implied n i t r o g e n  a d s o r p t i o n .  There 

were no changes i n  t h e  carbon,  oxygen, water ,  f l u o r i n e ,  a rgon ,  and 

carbon d iox ide .  The appa ren t  l a c k  of d e s o r p t i o n  of oxygen, water ,  and 

ca rbon  d iox ide  w a s  not  unexpected s i n c e  t h e s e  g a s e s  were minor con- 

s t i t u e n t s  and the amounts t h a t  could adsorb d u r i n g  t h e  c o l d  t i m e s  used 

i n  t h e  experiments would be s m a l l  compared t o  t h e  amount of adsorbed 

n i t r o g e n .  Argon a l s o  would n o t  be expected t o  a d s o r b  i n  a p p r e c i a b l e  

amounts because of i t s  v e r y  low a d s o r p t i o n  ene rgy .  

The absence of a change i n  t h e  carbon peak i s  s i g n i f i -  

c a n t  s i n c e  i t  i n d i c a t e s  t h a t  carbon monoxide was n o t  adsorbed i n  s i g -  

n i f i c a n t  amounts on t h e  t u n g s t e n  and rhenium samples .  Judging from 
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TABLE 3 

TEMPERATURES USED I N  FLASH FILAMENT EXPERIMENTS 

Cold Temperature F l a s h  Temperature 
Sample (OK) (OK> 

Tungs t e n  

1 
1 
I 

Rhenium 

(1 

1 
I 
1 
I 
I 
1 
1 

Niobium 

4070-Final 

300 

300 

1 300 

1 480 

1 670 

300 

1,135 

1 260 

1 670 

2 y 000 

2,000 

2 y 000 

2 y 000 

2 y 000 

2 y 000 

2 y 000 

300 1 660 

19 



t h e  i n c r e a s e s  i n  t h e  28 amu peak d u r i n g  f l a s h i n g  of t h e  t u n g s t e n  s a m p l e ,  

t h e  carbon peak should have doubled d u r i n g  f l a s h i n g  i f  carbon monoxide 

were adsorbed i n  amounts corresponding t o  i t s  a s s i g n e d  p a r t i a l  p r e s s u r e  

c o n t r i b u t i o n  t o  t h e  28 amu peak ( u s i n g  t h e  8 .5  pe rcen t  d i s s o c i a t i o n  

f r a c t i o n  d i scussed  above) .  S ince  t h i s  was not  observed,  t h e  p a r t i a l  

p r e s s u r e  f o r  carbon monoxide shown i n  Table  2 must be t o o  h igh  o r  t h e  

s imultaneous presence of both n i t r o g e n  and carbon monoxide changed t h e  

a d s o r p t i o n  c h a r a c t e r i s t i c s  of t h e s e  gases  t o  f a v o r  n i t r o g e n  a d s o r p t i o n  

almost e x c l u s i v e l y .  I n  e i t h e r  case, i t  i s  r e a s o n a b l e  t o  conclude t h a t  

t h e  predominant a d s o r b a t e  was n i t r o g e n .  

4 . 2 . 2 . 1  Tungsten Flash-Fi lament  Experiments 

Two p l o t s  of t h e  i n c r e a s e ,  A p ( t ) ,  i n  t h e  28 

C '  
amu peak during f l a s h i n g  of t h e  t u n g s t e n  s a m p l e  v e r s u s  c o l d  t i m e ,  t 

a r e  shown i n  F i g .  5 .  The peak i n c r e a s e s  are normalized t o  t h e  c o n s t a n t  

peak i n c r e a s e ,  Ap(w), observed when t h e  s u r f a c e  became s a t u r a t e d  a f t e r  

approximately a 15-minute co ld  t i m e .  The d a t a  t a k e n  d u r i n g  f l a s h e s  

from 300 K t o  1 ,670 K are shown i n  t h e  upper p l o t  and t h o s e  t a k e n  d u r i n g  

f l a s h e s  from 300°K t o  2,000°K are  shown i n  t h e  lower p l o t .  

t h e  maximum p r e s s u r e  i n c r e a s e s  d u r i n g  f l a s h e s  to 2,000 K were 40 t i m e s  

h i g h e r  t han  the  f l a s h e s  t o  1,670°K (because of more r a p i d  d e s o r p t i o n )  

t h e r e  i s  no ev iden t  d i f f e r e n c e  i n  t h e  Ap v e r s u s  t c h a r a c t e r i s t i c s .  

Both t h e  i n i t i a l  s l o p e s  of t h e  cu rves  and t h e  t i m e s  r e q u i r e d  t o  r e a c h  

s a t u r a t e d  coverage are  i d e n t i c a l  w i t h i n  expe r imen ta l  e r r o r .  

0 0 

Although 
0 

C 

Nitrogen a d s o r p t i o n  on t u n g s t e n  i s  atomic 

(Ref.  16) ;  t h a t  i s ,  t h e  molecules d i s s o c i a t e  on t h e  s u r f a c e  and r e s i d e  

on t h e  s u r f a c e  i n  a tomic form. Desorpt ion,  however, o c c u r s  p r i m a r i l y  

i n  molecular  form. A s s o c i a t i o n  of adsorbed atoms i n  two-dimensional 

b ina ry  c o l l i s i o n s  i s  t h u s  an  an teceden t  t o  d e s o r p t i o n .  A s  a r e s u l t ,  

n i t r o g e n  d e s o r p t i o n  occur s  as a second o r d e r  r a t e  p rocess .  Desp i t e  t h i s  

complexi ty ,  i t  can be  shown t h a t  t h e  number of atoms adsorbed var ies  

l i n e a r l y  w i t h  t i m e  d u r i n g  t h e  i n i t i a l  s t a g e s  of a d s o r p t i o n  (Ref .  1 7 ) .  
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The t o t a l  number of molecules  desorbed du r ing  f l a s h i n g  a f t e r  a c o l d  t i m e ,  

t w i l l  be ,  t h e r e f o r e ,  
C ’  

where cym i s  t h e  s t i c k i n g  c o e f f i c i e n t  f o r  n i t r o g e n  molecules  on t u n g s t e n ,  

z i s  t h e  number of n i t r o g e n  molecules  i n c i d e n t  on t h e  s u r f a c e  per  u n i t  

a r e a  and u n i t  t i m e ,  and S i s  t h e  s u r f a c e  a r e a .  A f r a c t i o n  K of N w i l l  

c o n t t i b u t e  t o  t h e  p r e s s u r e  i n c r e a s e  d e t e c t e d  by t h e  spec t romete r  du r ing  

m 

m 

f l a s h i n g .  Thus, 

When t h e  su r face  i s  s a t u r a t e d  w i t h  n i t r o g e n ,  

N = N  
m m s  

and s i n c e  t h e  f r a c t i o n  K w i l l  be d e t e c t e d  by t h e  spec t romete r ,  

o r  

where n i s  t h e  number of molecules  adsorbed per u n i t  area of t h e  sam- 

p l e .  The normalized p res su re  i n c r e a s e s  t h e r e f o r e  are  g iven  by 
m s  

It i s  assumed t h a t  t h e  l i n e a r  p o r t i o n  of t h e  curves  of F i g .  5 a r e  r e p r e -  

s e n t e d  by t h i s  e q u a t i o n .  
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The s a t u r a t i o n  t ime,  t i s  d e f i n e d  as  t h e  
S '  

c o l d  t ime r e q u i r e d  f o r  Ap(t)/Ap(m) = 1 i f  t h e  a d s o r p t i o n  were l i n e a r .  

From t h e  equa t ion  above 

z ms'am m t = n  
S 

z can  be c a l c u l a t e d  w i t h  t h e  k i n e t i c  t heo ry  e x p r e s s i o n  
m 

which, f o r  n i t r o g e n  (Ref .  5 ) ,  i s  

2 
z = 4.02 . lo2' p molecules/cm s e c ,  m 

-9 f o r  p i n  t o r r .  A t  t h e  n i t r o g e n  p a r t i a l  p r e s s u r e  of 3 . 9 .  1 0  t o r r  

shown i n  Table 2, 

2 
z = 1 . 6  1 0 l 2  molecules/cm s e c  m 

The average  t from t h e  two curves of F i g .  5 i s  338 seconds,  t h e r e f o r e  
S 

= z  t *ms 'am m s  

2 
= 5 . 4  - molecules/cm . 

E h r l i c h  (Ref .  1 8 )  and Eisenger (Ref.  1 7 )  r e p o r t  cym = 0 . 3  f o r  low s u r f a c e  

coverages  a l though v a l u e s  as low as  0.1 (Ref .  1 9 )  and a s  h i g h  as 0.55 

(Ref .  20) have been measured. Using cy = 0 . 3 ,  we o b t a i n  m 

2 n = 1 . 6  0 1014 molecules/cm m s  
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f o r  t h e  s u r f a c e  number d e n s i t y  of n i t r o g e n  molecules  i n  a s a t u r a t e d  

l a y e r  on the tungs t en  w i r e  sample.  

a tomic form, t h e  s i g n i f i c a n t  number d e n s i t y  i s  t h e  atomic number 

S ince  n i t r o g e n  i s  adsorbed i n  

d e n s i t y ,  n * as ' 

2 n e 2n = 3.2  - atoms/cni as m s  

The e f f e c t i v e  d iameter  of a n i t r o g e n  atom 

(1.42 angstroms, Ref .  21 ) ,  i s  c o n s i d e r a b l y  smaller t h a n  t h e  l a t t i c e  

c o n s t a n t  of t ungs t en  (3.16 angstroms,  Re f .  2 1 ) .  I f  t h e  adsorbed  

n i t r o g e n  atoms a r e  l o c a t e d  a t  t hose  p o s i t i o n s  on t h e  t u n g s t e n  s u r f a c e  

which a re  geomet r i ca l ly  f avored  by "hard sphere"  packing of n i t r o g e n  

atoms on a c r y s t a l l o g r a p h i c  a r r a y  of t ungs t en  atoms, t hen  t h e  n i t r o g e n  

s u r f a c e  atom d e n s i t y  shou ld  equal  t h e  t u n g s t e n  s u r f a c e  atom d e n s i t y  

f o r  most of t h e  low-index c r y s t a l  p l anes  expec ted  t o  deve lop  on a 

wel l -aged  tungs ten  w i r e .  It i s  noteworthy,  t h e r e f o r e ,  t h a t  t h e  n i t r o -  

gen atom dens i ty ,  n 

t h e  s u r f a c e  atom d e n s i t y  of low-index tungs t en  p l a n e s .  This  r e s u l t ,  

observed a l s o  by o t h e r s  (Ref .  18) ,  i m p l i e s  t h a t  n i t r o g e n  i s  p r e f e r -  

e n t i a l l y  adsorbed on s p e c i a l  a r e a s  o r  s i t e s  on t h e  t u n g s t e n  s u r f a c e .  

The n a t u r e  of t h e  favored  a d s o r p t i o n  s i t e s  i s  n o t  known. R e f e r r i n g  

t o  Table  4 ,  i n  which t h e  t u n g s t e n  s u r f a c e  atom d e n s i t i e s  a r e  t a b u l a t e d ,  

t h e  s u r f a c e  atom d e n s i t y  of t h e  311 tungs t en  p l ane  i s  very c l o s e  t o  

n . It i s  improbable,  however, t h a t  t h e  s u r f a c e  of  t h e  t u n g s t e n  

sample w a s  composed s o l e l y  of t h e s e  p l a n e s .  

of 0.55 were used i n  t h e  c a l c u l a t i o n  of n ( i n s t e a d  of  0 . 3 ) ,  n would 

be  inc reased  t o  5 . 9  1014 atoms/cm2 and t h e  310 p lane  as w e l l  a s  t h o s e  

of lower s u r f a c e  atom d e n s i t y  o f f e r  p o s s i b l e  a d s o r p t i o n  s i t e s .  However, 

t h e  c r y s t a l  p lanes  i n  t h i s  group have work f u n c t i o n s  ( s e e  Table  4 )  

which a r e  too  low t o  account  f o r  t h e  measured work f u n c t i o n  of 4 .72 

e l e c t r o n  v o l t s .  

ob ta ined  i n  t h i s  experiment  i s  smaller t h a n  a s  ' 

a s  
I f  a s t i c k i n g  c o e f f i c i e n t  

a s  as 
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TABLE 4 

SURFACE DENSITIES OF TUNGSTEN ATOMS AND WORK FUNCTION 
FOR SEVERAL LOW-INDEX CRYSTAL PLANES 

Miller I n d i c e s  Atom Dens i ty  T 
(ev) 2 - of  C r y s t a l  Plane (atoms/cm ) 

??!I 

100 

21 1 

31 0 

111 

41 1 

21 0 

221 

31 1 

14 14.1 * 10 

10.0 

8 .2  

6 . 3  

5 . 8  

4 .8  

4 .5  

4 . 0  

3 .7  

> 4.70  

4.56 

4.69 

4.35 

4.39 

- 
4.55 

TABLE 5 

FRACTIONAL COVERAGE OF NITROGEN ON TUNGSTEN 

.g (Ref .  1 8 )  
(nas=3.2.10 e 14 atoms/cm 2 ) (nas=5 .0~1014atoms/crn 2 ) 

C o l d  Temperature 
(OK> 

1 , 3 0 0  0.12 0 .15  

1,480 0.018 0.022 

1 ,670  0.0046 0.0049 
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I n  a d d i t i o n  t o  t h e  f l a s h  f i l a m e n t  e x p e r i -  
0 

ments i n  which t h e  c o l d  tempera ture  was 300 K, t h e  t u n g s t e n  sample 

was f l a s h e d  t o  2,000°K from 1,300°K, 1,480°K, and 1,670°K t o  de te rmine  

t h e  s t e a d y - s t a t e  coverages  a t  h ighe r  t empera tu res .  The p r e s s u r e  

i n c r e a s e s  during f l a s h i n g  were normalized t o  t h e  p r e s s u r e  i n c r e a s e  

from a f u l l y  s a t u r a t e d  s u r f a c e  t o  o b t a i n  t h e  f r a c t i o n a l  coverage ,  0 ,  

a s  d i scussed  i n  S e c t i o n  2 .  The r e s u l t s  a re  shown i n  Table  5 .  Also 

shown i n  the t a b l e  are  c a l c u l a t e d  coverages  u s i n g  t h e  r e s u l t s  of 

E h r l i c h .  The agreement i s  e x c e l l e n t .  

4 .2 .2 .2  Rhenium F l a s h  F i lament  Experiments 

The rhenium f l a s h  f i l a m e n t  d a t a  were q u a l i -  

t a t i v e l y  the  same as t h e  t u n g s t e n  d a t a  except  f o r  t h e  s a t u r a t i o n  t i m e  

For rhenium, f l a s h i n g  from 300°K t o  2,000°K, t h e  s a t u r a t i o n  t i m e  . 
tS 
w a s  1 ,160  seconds compared w i t h  t h e  338 seconds found f o r  t u n g s t e n .  

This  impl ies  t h a t  e i t h e r  cy i s  smaller o r  n i s  l a r g e r  on rhenium 

than  t h e  tungs t e n .  
m m s  

From t h e  v a l u e  of t ob ta ined  w i t h  rhenium 
S 

2 
= 18 .6  - l O I 4  molecules/cm . m s  'Dm 

n 

I n  Table  6 ,  va lues  of t h e  n i t r o g e n  molecular  s u r f a c e  d e n s i t y ,  n 

and atomic s u r f a c e  d e n s i t y ,  n computed w i t h  t h i s  v a l u e  of t a r e  

shown f o r  s eve ra l  v a l u e s  of (Y . There i s  no a v a i l a b l e  in fo rma t ion  

on e i t h e r  ern o r  t h e  degree of d i s s o c i a t i o n  of n i t r o g e n  on rhenium. 

However, i t  is  p o s s i b l e  t o  p l a c e  a n  upper l i m i t  on a from t h e  d a t a  

of Table  6 by comparing n o r  n w i t h  t h e  s u r f a c e  atom d e n s i t i e s  of  

v a r i o u s  rhenium c r y s t a l  p l a n e s .  The s u r f a c e  d e n s i t i e s  f o r  f i v e  low- 

index  p lanes  of  rhenium are shown i n  Table  7 .  On t h e  s u p p o s i t i o n  t h a t  

t h e  n i t r o g e n  s u r f a c e  atom d e n s i t y  cannot  exceed t h e  rhenium s u r f a c e  

atom dens i ty  and t h e  p l anes  t a b u l a t e d  w i l l  be  t h e  predominant p l anes  

exposed on the rhenium sample s u r f a c e ,  i t  appea r s  t h a t  t h e  maximum ~y 

w i l l  be 0.8 i f  n i t r o g e n  adsorbs  i n  molecular  form and 0 . 4  i f  i n  a tomic 

form . 

m s  ' 
as ' S '  

m 

m 

m s  a s  

m 
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0.2 

0 . 4  

0 .6  

0.8 

1 .o 

TABLE 6 

CALCULATED VALUES OF NITROGEN MOLECULAR 
AND ATOMIC SURFACE DENSITY 

n ms 
(mol ecul es /cm 2 1 

n 
2 

as 
(atoms/cm ) 

14  3.72 1 0  

7.44 

1 1 . 2  

14.9 

18 .6  

1 4  7 .44  - 10 

14 .9  

22.4 

29.8 

37.2 

TABLE 7 

SURFACE DENSITIES OF RHENIUM ATOMS 

M i l l e r  I n d i c e s  
of C r v s t a l  Plane 

Atom Dens ' t  
(atoms/cm 2 y  

0001 

i o i i  
1120 

i o i o  
1122 

27  

1 4  15 .1  - 10 

1 4 . 3  

9 . 4  

8.1 

8 .O  



0 
The rhenium sample was f l a s h e d  from 1,135 K 

0 0 
and 1 , 2 6 0  K t o  2,000 K t o  determine t h e  a d s o r p t i o n  of n i t r o g e n  a t  h igh  

t empera tu res .  Although t h e r e  was a p p r e c i a b l e  s c a t t e r  i n  t h e  d a t a ,  i t  

i s  e s t ima ted  t h a t  t h e  coverage,  8 ,  a t  1 ,135  K was 0.066, and, a t  

1,260°K 0.0094. 

f o r  t ungs t en  a t  t h e  same t empera tu res .  

0 

These coverages a r e  c o n s i d e r a b l y  1 ower than  t h o s e  

4 . 2 . 2 . 3  Niobium F l a s h  Fi lament  Experiments 

The maximum tempera tu re  t o  which t h e  niobium 

w i r e  c o u l d  be r a i s e d  wi thou t  endangering t h e  sample al ignment  w i t h  t h e  

atomic beam s l i t  system w a s  1 ,660  K .  Desp i t e  a number of p r e l i m i n a r y  

mounting a t t empt s  w i t h  v a r i o u s  t e n s i o n s ,  i t  w a s  imposs ib l e  t o  a d j u s t  

t h e  t e n s i o n  p rope r ly  t o  p r e s e r v e  al ignment  a t  h i g h  t empera tu re  and, a t  

t h e  same time, avo id  b reak ing  t h e  w i r e .  

0 

0 The sample was f l a s h e d  t o  1 , 6 6 0  K from room 

tempera tu re  f o r  c o l d  t i m e s  v a r y i n g  from 1 t o  30 m i n u t e s .  I n  a l l  

i n s t a n c e s ,  t h e r e  were no i n c r e a s e s  i n  any mass peaks observed w i t h  

t h e  spec t romete r .  This  r e s u l t  was unexpected,  p a r t i c u l a r l y  i n  view 

of t h e  depa r tu re s  no ted  i n  t h e  e l e c t r o n  emiss ion  d a t a  below 1,360 K .  0 

Since  n i t r o g e n  w a s  t h e  p r i n c i p a l  r e s i d u a l  

gas  and would produce t h e  l a r g e s t  changes i n  mass peak du r ing  f l a s h i n g ,  

t h e  n i t r o g e n  peak w a s  c a r e f u l l y  s c r u t i n i z e d  du r ing  s e v e r a l  f l a s h e s .  

No evidence of a d s o r p t i o n  cou ld  be  d e t e c t e d .  It i s  conce ivab le  t h a t  

n i t r o g e n  d i d  no t  absorb on t h e  niobium sample i n  d e t e c t a b l e  amounts 

i f  t h e  s t i c k i n g  c o e f f i c i e n t  i s  ve ry  low. It i s  a l s o  p o s s i b l e  t h a t  

n i t r o g e n  w a s  p r e s e n t  on t h e  s u r f a c e  e i t h e r  as an  adsorbed s p e c i e s  o r  

as a n i t r i d e  and w a s  bound t o o  t e n a c i o u s l y  t o  t h e  s u r f a c e  t o  e v a p o r a t e  

a t  1,660°K. 

a b l e  t h a t  i t  would have been d e t e c t e d  w i t h  t h e  s p e c t r o m e t e r .  

I f  n i t r o g e n  evapora t ed  a s  niobium n i t r i d e ,  i t  i s  improb- 
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I 
I 
I 

Adsorbed n i t r o g e n  has been observed  t o  

lower t h e  work f u n c t i o n  of tungsten (Ref s .  22 and 2 3 ) .  This  s u g g e s t s  

t h a t  i t  may have been adsorbed during t h e  niobium e l e c t r o n  emiss ion  

measurements a t  low temperatures and caused a similar dec rease  i n  t h e  

niobium work f u n c t i o n .  Except f o r  t h i s  ev idence ,  however, t h e  q u e s t i o n  

of n i t r o g e n  a d s o r p t i o n  on niobium remains un reso lved .  

4 . 3  Sur face  I o n i z a t i o n  Experiments 

The i n t e n s i t i e s  of the t h r e e  cesium atomic beams were 

markedly d i f f e r e n t  no twi ths tanding  t h e i r  common source  and t h e  small  

angu la r  s e p a r a t i o n  of t h e  beam a x e s .  The d i f f e r e n c e s  cou ld  no t  be 

a t t r i b u t e d  t o  d i f f e r e n c e s  i n  i o n i z a t i o n  e f f i c i e n c i e s  of t h e  t h r e e  

samples s i n c e  t h e  magnitudes of t h e  i o n  c u r r e n t s  were i n  t h e  wrong 

o r d e r :  t h e  i o n  c u r r e n t  from niobium was h ighe r  t han  t h e  c u r r e n t s  

from tungs ten  and rhenium. Moreover, t h e  d i f f e r e n c e s  were no t  c o n s t a n t  

b u t  depended somewhat on oven tempera ture  and a l s o  changed each  t ime 

t h e  sou rce  was h e a t e d .  The d i f f e r e n c e s  have been a s c r i b e d  t o  an i n c o r -  

r e c t l y  mounted s l i t  p l a t e  which w a s  l o c a t e d  near  t h e  oven s o u r c e .  When 

i t  was coa ted  w i t h  cesium, i t  e f f e c t i v e l y  became a second s o u r c e  of 

cesium which c o n t r i b u t e d  cesium t o  t h e  beams. 

A l l  o t h e r  f e a t u r e s  of t h e  beam system were i n  proper  o r d e r .  

S l i t  and sample a l ignment  w a s  checked b e f o r e  and a f t e r  t h e  exper iment ,  

t h e r e  was no ev idence  of cesium c logg ing  t h e  sou rce  s l i t ,  and back- 

ground c u r r e n t s  i n  t h e  sys t emwere  s u f f i c i e n t l y  low t o  have no e f f e c t  

on measurements. 

Because of t h e  d i f f e r e n c e s  i n  beam i n t e n s i t i e s ,  i t  w a s  n o t  

p o s s i b l e  t o  measure i o n i z a t i o n  e f f i c i e n c i e s  on an a b s o l u t e  b a s i s .  

I n s t e a d ,  t h e  tempera ture  dependences of t h e  i o n  c u r r e n t s  ( f o r  c o n s t a n t  

beam i n t e n s i t i e s )  were used t o  d e f i n e  t h e  l i m i t s  of t h e  e f f i c i e n c i e s .  

Within exper imenta l  u n c e r t a i n t y ,  when t h e  beam i n t e n s i t i e s  

were c o n s t a n t ,  t h e  i o n  c u r r e n t s  from t h e  t u n g s t e n  and rhenium samples 

were c o n s t a n t  f o r  sample t e m p e r a t u r e s  above t h e  c r i t i c a l  t empera tu res  

I 
I 

4070-Final 29 



t o  over 2,000°K. This  r e s u l t  was expec ted  on t h e  b a s i s  of t h e  work 

407 0 -F ina l  30 

** 
func t ions  shown i n  Table 1. Using Q = 4.72 ev, t h e  maximum c a l c u -  

0 
l a t e d  neu t r a l  f r a c t i o n  from tungs ten  a t  2 ,000 K i s  2 p e r c e n t ,  o r ,  an 

i o n i z a t i o n  e f f i c i e n c y  of 98 p e r c e n t .  

observed fo r  t h e  predominant low-index c r y s t a l  p l anes  of t ungs t en  i s  

4.35 ev ( see  Table  4 ) ,  t h e  e f f e c t i v e  work f u n c t i o n  y i e l d s  a b e t t e r  

measure of the n e u t r a l  f r a c t i o n :  f o r  cp = 4.8  ev,  t h e  maximum n e u t r a l  

f r a c t i o n  from tungs ten  a t  2,000 K i s  one p e r c e n t .  Using an  e f f e c t i v e  

work func t ion  of 4.90 ev ,  t h e  cesium n e u t r a l  f r a c t i o n  from rhenium i s  

0.6 pe rcen t  a t  2,000°K. 

c u r r e n t s  from tungs ten  and rhenium t h a t  could  be a t t r i b u t e d  t o  n i t r o -  

gen adsorp t ion  a l though  t h e  lower tempera tures  of t h e  tungs t en  measure- 

ments were well i n  t h e  range  i n  which n i t r o g e n  coverage was observed 

e a r l i e r  t o  be h igh .  

S ince  t h e  minimum work f u n c t i o n  

e 
0 

There were no e f f e c t s  i n  t h e  cesium ion  

The cesium ion  c u r r e n t s  from niobium f o r  a c o n s t a n t  beam 

i n t e n s i t y  (monitored by e i t h e r  t h e  rhenium o r  tungs t en  samples)  

d i sp l ayed  a temperature  dependence expec ted  f o r  a m a t e r i a l  w i t h  a 

low work func t ion .  To f i n d  t h e  proper  f a c t o r  t o  conve r t  cesium ion  

c u r r e n t s  t o  i o n i z a t i o n  e f f i c i e n c i e s ,  t h e  i o n  c u r r e n t s  were d iv ided  

by s e v e r a l  s e l e c t e d  beam i n t e n s i t i e s  and t h e  r e s u l t a n t  t r i a l  e f f i -  

c i e n c i e s  compared w i t h  t h e o r e t i c a l  curves  of e f f i c i e n c y  v e r s u s  temper- 

a t u r e  and work f u n c t i o n .  The b e s t  f i t  was ob ta ined  when t h e  e x p e r i -  

ment of po in ts  were bounded by t h e  4 .0  ev and 4 .1  ev work f u n c t i o n  

curves  as shown i n  F i g .  6 .  It appears  t h a t  t h e  most s u i t a b l e  work 

f u n c t i o n  t o  use t o  c h a r a c t e r i z e  t h e  i o n i z a t i o n  e f f i c i e n c y  of t h e  

niobium sample i s  about  4 .04  e v .  This r e s u l t  a g r e e s  w i t h  t h e  measured 

work func t ion  of 4.12 ev. 
For comparison, t h e  i o n i z a t i o n  e f f i c i e n c y  of cesium on 

niobium w a s  c a l c u l a t e d  us ing  t h e  e f f e c t i v e  work f u n c t i o n  ( s e e  Table  1 )  

as a func t ion  of tempera ture .  The r e s u l t a n t  cu rve  i s  l a b e l e d  A i n  

F i g .  6 .  The curve B w a s  c a l c u l a t e d  us ing  
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which i s  s t r i c t l y  a p p l i c a b l e  (Ref .  8 )  only f o r  h igh  work f u n c t i o n  

m a t e r i a l s .  Ne i the r  curve  d i s p l a y s  t h e  tempera ture  dependence shown 

by t h e  experimental  p o i n t s .  

4 .4  C r i t i c a l  Temperature Measurements 

The c r i t i c a l  t empera ture  behavior  of cesium i o n  c u r r e n t s  

from t h e  th ree  samples i s  shown i n  F i g s .  7 ,  8, and 9 .  Both upper and 

lower c r i t i c a l  t empera ture  occurred  w i t h  a p e r c e p t i b l e  b u r s t  of cesium 

ions  and consequent ly  was a more d i s t i n c t  t r a n s i t i o n  than  t h e  lower 

c r i t i c a l  temperature .  

I n  F i g .  7,  one lower and one upper c r i t i c a l  t empera ture  i s  

shown f o r  tungs ten  taken  dur ing  runs  a t  s l i g h t l y  d i f f e r e n t  cesium 

beam i n t e n s i t i e s .  The ion  c u r r e n t s  and i o n  c u r r e n t  d e n s i t i e s  a r e  i n  

t h e  same range a s  those  measured by Taylor  and Langmuir (Ref .  6 )  and 

our r e s u l t s  a g r e e  c l o s e l y .  The upper c r i t i c a l  t empera tures  observed 

i n  t h i s  experiment a t  two ion  c u r r e n t  d e n s i t i e s  a r e  g iven  i n  Table  8 

w i t h  t h e  corresponding c r i t i c a l  t empera tures  of Taylor  and Langmuir. 

The observa t ions  d i f f e r  by only about  20 K o r  3 pe rcen t  which i s  we l l  

w i t h i n  t h e  v a r i a t i o n  expected i n  obse rva t ions  w i t h  d i f f e r e n t  samples .  

Two upper c r i t i c a l  t empera tures  f o r  rhenium and niobium a r e  

0 

shown i n  F igs .  8 and 9 .  The rhenium c r i t i c a l  t empera tures  were 

cons iderably  lower than  those  f o r  t ungs t en  a t  comparable cesium i o n  

c u r r e n t  d e n s i t i e s  which i s  c o n s i s t e n t  w i t h  t h e  r e s u l t s  of o t h e r s  

(Ref .  8 ) .  The niobium c r i t i c a l  t empera tures  appear  t o  be approx i -  

mately t h e  same a s  those  f o r  t ungs t en .  

TABLE 8 

OBSERVED AND CALCULATED (REF. 6 )  
UPPER CRITICAL TEMPERATURES 

rn rn 

'observed ' c a l c u l a t e d  
( O K )  (OK)  

J 2  (amps/cm ) 

2.9  . 840 

2 . 4  - 887 

4070-Final 32 

818 

8 64 



600 800 1000 I200 
T ( O K )  

FIG. 7 CRITICAL TEMPERATURE 
CHARACTERISTICS OF 
CESIUM ON TUNGSTEN 

600 800 1000 1200 

T ( O K )  

FIG. 8 CRITICAL TEMPERATURE 
CHARACTERISTICS OF 
CESIUM ON RHENIUM 

CRITICAL TEMPER TURE CH 
OF CESIUM ON NIOBIUM 

1 
600 800 I O 0 0  1200 

40 70-F ina 1 33 

RACTERISTI CS 



5. CONCLUSIONS 

The main r e s u l t s  of t h e  experiment can  be summarized as f o l l o w s :  

1. The observed e l e c t r o n  work f u n c t i o n s  and Richardson c o n s t a n t s  

f o r  t h e  t h r e e  r e f r a c t o r y  w i r e  samples are: 

2 2  
Tungsten: cP** = 4.72  ev , A** = 66 amps/cm deg 

Rhenium: Cp** = 5.15 ev , A** = 760 amps/cm 2 2  deg 

Niobium: cP** = 4.12  ev , A** = 194 amps/cm 2 2  deg 

These r e s u l t s  a g r e e  w e l l  w i t h  those of o t h e r  i n v e s t i g a t o r s .  

2. Nitrogen w a s  t h e  major r e s i d u a l  gas  i n  t h e  vacuum system. 

The t o t a l  p re s su re  i n  the  system d u r i n g  t h e  exper iments  w a s  5 - lo-' 
t o r r ;  t h e  n i t r o g e n  p a r t i a l  p r e s s u r e  w a s  3 .9  * 10 t o r r .  A t  t h i s  

p a r t i a l  p r e s s u r e ,  t h e  n i t r o g e n  coverage  on tungs t en  w a s  12 p e r c e n t  a t  

a t u n g s t e n  temperature of 1300 K and l e s s  t han  1 p e r c e n t  on rhenium 

a t  1260'K. 

c l u s i v e ;  e i t h e r  n i t r o g e n  d i d  no t  adso rb  on t h e  niobium sample o r  t h e  

f l a s h  temperature of 1660 K w a s  t o o  low t o  e f f e c t i v e l y  evo lve  n i t r o g e n  

and p rov ide  a d e t e c t a b l e  s i g n a l  i n  t h e  mass spec t romete r .  

-9 

0 

Our r e s u l t s  on n i t r o g e n  a d s o r p t i o n  on niobium were incon- 

0 

3.  Judging from the  tempera ture  dependences of t h e  cesium i o n  

c u r r e n t s  from tungs ten  and rhenium, t h e  cesium i o n i z a t i o n  e f f i c i e n c i e s  

of t h e s e  m a t e r i a l s  exceeded 99 p e r c e n t .  This  i s  c o n s i s t e n t  w i t h  t h e  

work f u n c t i o n  d a t a .  The i o n i z a t i o n  e f f i c i e n c y  of cesium on niobium 

v a r i e d  between 80 p e r c e n t  and 62 p e r c e n t  i n  t h e  t empera tu re  r ange  from 

900°K t o  1600'K. 

4. C r i t i c a l  t empera ture  behavior  w a s  observed a t  i o n  c u r r e n t  

d e n s i t i e s  of the same magnitude as those  measured by Taylor and Langmuir. 

The upper c r i t i c a l  t empera tures  f o r  cesium on t u n g s t e n  were i n  good 

agreement w i t h  the  r e s u l t s  of Taylor and Langmuir. C r i t i c a l  t empera tu res  

were cons ide rab ly  lower f o r  cesium on rhenium than  f o r  cesium on t u n g s t e n  
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a t  comparable i o n  c u r r e n t  d e n s i t i e s .  Niobium c r i t i c a l  t empera tures  

were i n  t h e  same range  as t h e  tungsten c r i t i c a l  t empera tu res .  

The n i t r o g e n  a d s o r p t i o n  r e s u l t s  w i t h  t h e  t u n g s t e n  sample a g r e e  

v e r y  c l o s e l y  wi th  the  r e s u l t s  of E h r l i c h ,  bo th  i n  the  tempera ture  

dependence of s u r f a c e  coverage and i n  t h e  o b s e r v a t i o n  t h a t  n i t r o g e n  

s a t u r a t i o n  a t  room tempera ture  occurs  w i t h  r e l a t i v e l y  few atoms pe r  

u n i t  area compared w i t h  t h e  su r face  atom d e n s i t y  of tungs t en .  I f  i t  

i s  assumed t h a t  n i t r o g e n  s a t u r a t i o n  of a s i n t e r e d  tungs t en  i o n i z e r  

occur s  wi th  t h e  same n i t r o g e n  atom d e n s i t y ,  t h e n  t h e  d a t a  from t h i s  

exper iment ,  as w e l l  as from E h r l i c h ' s  work, i n d i c a t e s  t h a t  a coverage  

of about  25 p e r c e n t  of s a t u r a t i o n  w i l l  be p r e s e n t  on a tungs t en  i o n i z e r  

a t  1500 K when the  n i t r o g e n  p res su re  i s  1 10 t o r r .  This  h igh  v a l u e  

may be mis l ead ing ,  however, i n  r e l a t i o n  t o  i o n i z e r  performance, f o r  

0 - 6  

t h e  s imul taneous  p re sence  of cesium and n i t r o g e n  w i l l  a f f e c t  t h e  adsorp-  

t i o n  of both s p e c i e s  on t h e  i o n i z e r  s u r f a c e  and coverages  may be lower.  

Moreover, on t h e  b a s i s  of t h e  t o t a l  number of a d s o r p t i o n  s i tes  a v a i l -  

a b l e  (on a hard-sphere  model, as d i s c u s s e d  i n  S e c t i o n  4 ) ,  25 p e r c e n t  

of s a t u r a t i o n  may r e p r e s e n t  only about  a 5 p e r c e n t  coverage  of t h e  

t o t a l  s u r f a c e .  It i s  s i g n i f i c a n t  t h a t  our i o n  c u r r e n t  measurements a t  

low tempera tures  r e v e a l e d  no e f f e c t s  a t t r i b u t a b l e  t o  n i t r o g e n  adsorp-  

t i o n .  

Q u a n t i t a t i v e  measurements of c r i t i c a l  t empera tures  by atomic beam 

methods have n o t  been attempted b e f o r e  and t h e  e x c e l l e n t  agreement 

between t h e  r e s u l t s  on tungsten ob ta ined  i n  t h i s  experiment and t h e  

r e s u l t s  of Taylor and Langmuir a r e  encouraging .  

The rhenium d a t a  a l s o  agree q u a l i t a t i v e l y  wi th  o t h e r  o b s e r v a t i o n s  

i n  t h e  sense t h a t  t h e  c r i t i c a l  t empera tures  a r e  lower on rhenium t h a n  

on tungs t en .  However, t h e  r e s u l t s  imply a lower a d s o r p t i o n  energy  f o r  

cesium on rhenium than expected. F u r t h e r  work should be done on rhenium 

t o  de te rmine  t h e  i o n  c u r r e n t  dens i ty -ve r sus - t empera tu re  cu rves  more 

c o n c l u s i v e l y .  The s u r f a c e  i o n i z a t i o n  exper iments  on niobium show t h a t  

niobium has a r e l a t i v e l y  low s u r f a c e  i o n i z a t i o n  e f f i c i e n c y  and hence 

should n o t  be cons ide red  as a p o t e n t i a l  i o n i z e r  m a t e r i a l .  
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